Objectives: Nevirapine is widely used in the developing world for the prevention of mother-to-child transmission (PMTCT) of HIV. A single mutation in the HIV genome is sufficient to lead to significant nevirapine resistance. Persistence of low-level drug concentrations in body compartments can foster resistance formation. In this study, concentration-time courses of nevirapine after single-dose administration were analysed over an extended post-partum period.
Introduction
Vertical transmission accounts for almost 20% of all new HIV infections in sub-Saharan Africa. 1 The antiretroviral drug nevirapine is widely used in resource-limited areas to reduce the associated risk of intra-partum transmission. 2, 3 Since breastfeeding is the norm in sub-Saharan Africa, there is an additional risk of 10% to 20% for post-natal transmission. 4 The duration and levels of nevirapine in breast milk and plasma of mothers and children after nevirapine administration may have implications for both post-natal transmission of HIV and the emergence of resistant virus. Nevirapine, like other non-nucleoside reverse transcriptase inhibitors (NNRTIs), displays a long half-life, and one single mutation is sufficient to generate a high degree of resistance. 5 -16 Nevirapine-associated resistance mutations were shown to result in a reduced efficacy of a subsequent NNRTI-containing antiretroviral long-term treatment if the interval between nevirapine prophylaxis and start of treatment was ,6 months. 17 -19 So far, nevirapine concentrations in breast milk after a single dose for periods longer than 1 week have not been analysed. For plasma, such data are available using assays that detect nevirapine levels .50 ng/mL only. 5, 6 In this study in rural western Uganda, we analysed nevirapine concentrations in three compartments, breast milk, plasma of mothers and plasma of children, over a period of 6 weeks after single-dose administration. We used a sensitive HPLC/tandem mass spectrometry assay able to detect nevirapine concentrations as low as 15 ng/mL. Since in a peripheral, rural setting in Eastern Africa, as in this study, extensive sampling is often impossible and some samples were not available, a population pharmacokinetic (PK) analysis approach was chosen to exemplify the maintenance period of nevirapine concentrations.
Patients and methods
HIV-positive pregnant women participating in an intervention for the prevention of mother-to-child transmission (PMTCT) of HIV in western Uganda were consecutively included in the study together with their children if they had given informed consent and delivered at Fort Portal District Hospital (Kabarole District, Uganda). The study was approved by the National Council of Science and Technology of Uganda. All participating women took a 200 mg nevirapine tablet (Boehringer Ingelheim, Ingelheim, Germany) within 48 h before delivery, and all newborns received 2 mg/kg nevirapine syrup under observation within 72 h after birth. Women who took antiretroviral treatment instead of nevirapine prophylaxis were not eligible for the study. Enrolment took place between September 2003 and September 2004. Breast milk samples of the left and right breast and plasma samples of mothers and children were taken at delivery and 1, 2 and 6 weeks after maternal nevirapine intake. Whole breast milk and plasma specimens were frozen at 2808C.
Concentrations of total nevirapine in plasma and breast milk were determined by a validated LC/tandem-mass-spectrometry method according to the criteria set by the FDA. 20, 21 For breast milk, a full validation was performed using replacement milk. In a second step, results of breast milk collected from HIV-1-negative Ugandan women were compared with those of replacement milk. All HIV-1-negative control samples were processed (frozen-thawed) in the same way as the patients' samples. The recovery of nevirapine from replacement milk when compared with standard solutions (water/acetonitrile, 50:50) exceeded 99%. Nevirapine samples retained over 94% of their concentration at room temperature within 24 h. Accuracy and precision of the analytical procedure were evaluated using three nevirapine concentrations of quality control samples assayed in eight replicates. The concentrations of the quality control samples were back-calculated from daily calibration curves. Intra-day accuracy for nevirapine concentrations was 99% (2500 ng/mL), 101% (500 ng/ mL) and 110% (100 ng/mL), respectively. The coefficients of variation (CVs) for nevirapine in breast milk were ,7% (2500 ng/mL), ,8% (500 ng/mL) and ,11% (100 ng/mL), respectively. The ,15% relative SD criteria for repeatability (within-day precision) were fulfilled. With each run, a duplicate 9-point standard calibration curve was analysed containing nevirapine at concentrations ranging from 20 to 5000 ng/mL. The lower quantification limit for nevirapine was 15 ng/mL. Correlations were determined using Spearman's rank correlation coefficient.
Concentration -time profiles were created in WinNonlin TM , version 5.2 (Pharsight, Mountain View, CA, USA). The geometric mean was applied. The population PK analyses were performed using the non-linear mixed-effects modelling approach implemented in the software NONMEM TM (version V, level 1.1, Globomax LLC, San Francisco, CA, USA). All samples with quantifiable nevirapine concentrations were included. An integrated maternal PK model was developed including maternal plasma and breast milk data considering the drug transfer from plasma to breast milk ( Figure 1a ). The PK model for nevirapine plasma concentrations of the newborns considered all possibilities for the children to encounter nevirapine: maternal nevirapine reaching the fetal organism through the blood/ placenta barrier, newborns' own oral intake of nevirapine at delivery and the nevirapine dose children received via breast milk (Figure 1b) . The model-building process was guided by the Figure 1 . Schematic structural pharmacokinetic model of nevirapine for data of mother (a) (K12, gastrointestinal absorption rate constant for drug administration to mother; V2, volume of central compartment for maternal plasma; V3, volume of peripheral compartment for breast milk; CL, clearance; and Q, inter-compartmental clearance from blood to breast milk) and of child (b) (K12, gastrointestinal absorption rate constant for drug administration to child; K32, plasma/placenta-plasma/breast milk transfer rate constant; F 0 , 'bioavailability' resulting from the mother's dose via placenta and breast milk; V2, volume of central compartment for child plasma; and CL, clearance).
goodness-of-fit (GOF) plots created in Xpose, version 4_4.0-6.1 22 and MS Office Excel, by the precision of the PK parameter estimates and by changes in the objective function value (OFV) provided by NONMEM TM . 23 Inter-individual variability was investigated on all PK parameters and was added to the final PK model if it was thereby significantly improved (decrease in OFV .3.84).
The long-term exposure of nevirapine concentrations for differently behaving individuals in the three compartments was simulated in NONMEM TM using the final population PK models with typical administrations: mothers, 200 mg nevirapine tablet; children (median weight: 3.1 kg), 6.2 mg nevirapine syrup 8.5 h after maternal nevirapine intake. Based on these simulations, the percentage of individuals with nevirapine concentrations .10 ng/mL being the 50% inhibitory concentration (IC 50 ) 24 of HIV wild-type was assessed over time.
Results
Sixty-two women fulfilled the inclusion criteria. The median age and weight of the women were 26 years (IQR 23 -30 years) and 56 kg (IQR 52 -62 kg), respectively. At delivery, the median CD4 count was 516 cells/mm 3 (IQR 361 -684 cells/mm 3 ) and the median HIV-1 viral load was 7433 copies/mL (IQR 2553 -41 872 copies/mL). The median interval between maternal nevirapine intake and delivery was 5.2 h (IQR 3.0-9.9 h, maximum: 24.8 h). All but one woman had taken the nevirapine tablet at least 1.5 h before delivery. Seven (11%) women had caesarean deliveries. The 62 women gave birth to 35 male and 26 female newborns (missing data in one case); the median birth weight was 3.1 kg (IQR 2.9-3.5 kg). Fifty-three of the 62 women chose to breastfeed. For the three time points, delivery, week 1 and week 2, a total of 116 breast milk samples, 140 maternal plasma samples and 131 child plasma samples were available for bioanalysis.
Concentrations of nevirapine in breast milk and plasma of mothers and children
At delivery, the median interval between maternal nevirapine intake and maternal sample collection was 5.8 h (IQR 3.5-12.4 h) for maternal plasma and 28.0 h (IQR 20.1 -40.9 h) for breast milk. Blood samples from newborns were collected after maternal nevirapine intake but before the newborn received nevirapine, and in all but one case within 1 h after birth (median 5 min, IQR 0-10 min). The median interval between maternal nevirapine intake and delivery was 5.2 h (IQR 3.0-9.9 h), while the median interval between maternal and child nevirapine intake was 8.5 h (IQR 4.2 -17.3 h). Nevirapine concentrations between left and right breasts highly correlated at all time points (r ¼ 0.87-0.96; P , 0.0001); therefore the mean nevirapine concentration was used.
At delivery, the median nevirapine concentration was 1755 ng/mL (IQR 1338 -2043 ng/mL) in maternal plasma, 1012 ng/mL (IQR 657-1364 ng/mL) in breast milk and 1300 ng/mL (IQR 942-1690 ng/mL) in plasma of newborns. The nevirapine concentration in plasma of newborns correlated with the elapsed time between maternal nevirapine intake and delivery (r ¼ 0.37; P ¼ 0.006).
At week 1, the median interval between sample collection and maternal nevirapine intake was 7.7 days (IQR 7.0 -8.1 days). All nevirapine concentrations were .IC 50 (maternal plasma: median 164 ng/mL, IQR 75-378 ng/mL; breast milk: median 114 ng/mL, IQR 75-213 ng/mL; and child plasma: median 183 ng/mL, IQR 120-257 ng/mL).
At week 2, the median interval between sample collection and maternal nevirapine intake was 14.8 days (IQR 14.1 -15.7 days). Considering only those samples taken 13 -16 days after maternal nevirapine intake, 51.4% of the maternal plasma (median 15 ng/mL; IQR ,15-50 ng/mL), 56.2% of the breast milk (median 17 ng/mL, IQR ,15-35 ng/mL) and 61.3% of the children plasma samples (median 22 ng/mL; IQR ,15 -45 ng/mL) contained detectable nevirapine concentrations. At week 6, nevirapine was not measurable in any specimen.
Concentration -time profiles of nevirapine in the three compartments showed similar shapes with slightly lower mean nevirapine concentrations in breast milk than in maternal plasma. (Figure 2 ). The semi-logarithmic plots indicated one slope only, suggesting a monophasic elimination of nevirapine.
Population PK analysis of maternal data
A total of 95 breast milk and 113 maternal plasma samples were included in the PK model building process. Table 1 summarizes the PK data of the final model. The gastrointestinal absorption rate constant (K12) was set to the previously reported value of 1.66 h 21 . 25 As the bioavailability of the oral dose was unknown, 
Population PK analysis of child data
For the 113 child plasma samples, the two routes of obtaining nevirapine via mothers (blood/placenta and breast milk) were combined. The 'bioavailability' for the maternal dose via placenta and breast milk was estimated in the population PK analysis as being 14% (Table 1) . The plasma/placenta -plasma/ breast milk transfer rate constant (K32) was 4.5 h 21 . The relative clearance of 0.27 L/h and volume of distribution of the plasma compartment of 22.7 L resulted in a half-life for nevirapine in plasma of children of 59.4 h. The GOF plot indicates that the model was acceptable for the description of the data.
Simulations
Maximum concentrations of nevirapine for differently eliminating individuals were 2449 -2472 ng/mL in maternal plasma (Figure 3a ) and 1540 -1593 ng/mL in breast milk (Figure 3b ), and were reached at $0.3 and 3 h in plasma and breast milk, respectively. In newborns, the peak concentrations of nevirapine in plasma were reached $4 h after maternal nevirapine intake ( Figure 3c ). The newborns' own nevirapine dosing at 8.5 h after maternal intake caused a moderate but sudden increase in nevirapine concentration. While the impact of the inter-individual variability in elimination capacity was rather small in the onset phase (Figure 3a -c) , it increased in the terminal phase (Figure 3d-f ) . In the three compartments, time periods until nevirapine concentrations declined to ,10 ng/mL ranged between 270 and 620 h (median 17 days) for maternal plasma, 262 and 595 h (median 16 days) for breast milk and 384 and 512 h (median 19 days) for child plasma.
In Figure 4 , the sigmoidal curves revealed a similar pattern for breast milk and maternal plasma with 80% of the mothers having nevirapine concentrations of .10 ng/mL for 13 and 14 days, respectively. Eighty percent of the children remained at nevirapine concentrations .10 ng/mL for 18 days.
Discussion
Nevirapine prophylaxis is the most common practice to prevent intra-partum transmission of HIV in resource-limited settings. In this study, we aimed to analyse the duration of nevirapine in breast milk, as well as in plasma of mothers and children who received a single dose for PMTCT of HIV. Samples were collected from pregnant women/mothers and children participating in a PMTCT intervention in a peripheral East African setting. Since in such a setting extensive sampling was not possible, the population analysis approach for nevirapine concentrations was highly attractive.
The simulations predicted total nevirapine concentrations .10 ng/mL in 80% of the mothers and children for 2 -3 weeks. CV, coefficient of variation; CL, clearance; F, bioavailability; F 0 , 'bioavailability' resulting from the mother's dose via placenta and breast milk; K12, gastrointestinal absorption rate constant; K32, plasma/placenta-plasma/breast milk transfer rate constant; Q, inter-compartmental clearance from blood to breast milk; RSE, relative standard error (standard error divided by population estimate Â 100; for the random effects parameters, RSE is related to the corresponding variance scale); V2, volume of distribution ( plasma); and V3, volume of distribution (breast milk). Thus, nevirapine concentrations were detectable for a long time, even when considering that 60% of nevirapine in plasma and 40% of nevirapine in breast milk are bound by protein 26, 27 and only the unbound part is active.
The chosen PK models were appropriate and the typical maternal PK data such as clearance of 1.45 L/h were consistent with a prior population analysis performed for maternal plasma in Thai women (clearance ¼ 1.40 L/h) and other studies analysing nevirapine single-dose PKs. 5, 7, 8 In comparison with the elimination of nevirapine after long-term treatment, 28 ,29 the elimination of nevirapine after single-dose intake was slower. We attribute this finding to the described mechanism of autoinduction of hepatic cytochrome P450, which leads to an accelerated metabolism of nevirapine over time. 25 The expression of cytochrome CYP3A4, one of the main nevirapine-metabolizing enzymes, is very low during fetal development and only increases after birth. 30, 31 This might explain why the elimination capacity of nevirapine in newborns was lower when compared with their mothers (Table 1) .
To prevent intra-partum transmission of HIV, it is desirable that newborns have the highest nevirapine levels at birth. We found that the nevirapine concentration in plasma of newborns at delivery correlated with the elapsed time between maternal nevirapine intake and delivery (r ¼ 0.37; P ¼ 0.006). The plasma/placenta -plasma/breast milk transfer rate constant was high at 4.5 h 21 , suggesting a high transport via these barriers. Accordingly, the maximum concentration of nevirapine in plasma of children was achieved $4 h after maternal nevirapine intake. As shown in Figure 3(c) , the newborns' own nevirapine dosing caused only a moderate increase in nevirapine concentration. Obviously, the concentration in the newborns' plasma predominately resulted from the mother's dose, i.e. from placenta and breast milk transfer. This observation supports the rationale for the recommended timing of maternal administration of nevirapine at the onset of labour, hence, clearly before approaching the maternity unit for delivery and before labour has progressed to an advanced stage. An important aspect is the possible impact of long-term nevirapine concentrations in breast milk on post-natal HIV infection. The nevirapine transfer from maternal plasma to breast milk was rapid and occurred to a large extent as can be concluded from the large values of the two drug transfer rate constants from plasma to milk compartment and vice versa (13.57 and 1.28 h 21 ) and the high ratio of 10.6. Consequently, HIV is exposed to the influence of nevirapine in the breast milk compartment before newborns start to ingest breast milk. This is noteworthy because breastfed children ingest up to 10 6 cell-free HIV particles and $25 000 HIV-infected cells daily, and high levels of HIV in breast milk were shown to be significantly associated with transmission of HIV via breastfeeding.
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Even higher HIV levels were found in colostrum and early milk (0 -10 days) compared with mature breast milk. 35, 36 Accordingly, the risk of post-natal HIV transmission seems to be especially high in the early period of breastfeeding. 39 -41 Therefore, the long persistence of nevirapine concentrations in the breast milk compartment during the early, risky period of breastfeeding may be beneficial. In therapeutic regimens, nevirapine concentrations .3000 ng/mL are postulated to achieve durable viral suppression without selection of nevirapine resistance mutations. 42, 43 In vitro, concentrations as low as 10 ng/mL have been shown to effectively reduce the replication of the HIV wild-type. 24 Accordingly, HIV-RNA was shown to be suppressed in breast milk over 3 weeks after single-dose nevirapine. 44 Furthermore, nevirapine is not only effective in inhibiting viral replication in cells, but also directly impedes the reverse transcriptase in cell-free virions. 45 This mode of action may additionally contribute to a reduction of infectivity of breast milk, even if HIV virions are still present in this compartment. We conclude that single-dose nevirapine reduces the risk of post-natal transmission of HIV caused by breastfeeding.
However, the long duration of slowly decreasing levels of nevirapine predisposes for resistance mutations. As recently shown, 65% of the 20 sequenceable breast milk samples of 32 women exhibited resistance mutations 8 weeks after nevirapine single-dose intake. 46 Hence, a child infected post-natally after nevirapine prophylaxis is at risk of acquiring a resistant virus. This resistant virus could fuel the cellular reservoir and persist for years. 47 Since nevirapine-associated resistance mutations fade over time, 11, 14 the risk of acquiring a resistant virus through breast milk is probably highest during the early post-natal phase. In contrast, a child infected in utero or intra-partum acquires wild-type virus initially and is at risk of developing resistant virus as a result of the persisting nevirapine concentrations. Resistant virus, irrespective of the mechanism by which it evolved, will negatively affect the future treatment options of those children. The initial data on treatment responses of infants to NNRTI-containing highly active antiretroviral treatment after nevirapine single-dose prophylaxis point to a higher rate of virological failure. 19 Post-natal transmission of HIV still poses an unsolved problem. In settings where infants are breastfed, post-natal antiretroviral prophylaxis with either extended nevirapine or a combination of antiretroviral drugs is considered. Extended nevirapine administration to children for 6 weeks after birth led to lower transmission risk compared with single-dose nevirapine (6.9% versus 9%) at month 6, a difference that is not statistically significant. 48 Similarly, nevirapine resistance formation was observed to be higher in children who received an extended nevirapine regimen when compared with those who received single-dose nevirapine. 49 The rationale for extended nevirapine regimens beyond the single dose, therefore, has to be carefully balanced. Combinations of antiretrovirals, which represent the focus of several ongoing trials, may be more promising to prevent post-natal transmission while at the same time reducing resistance formation. 50, 51 In this study, nevirapine was detectable in breast milk and plasma of mothers and children for a considerable period, which will almost inevitably have an effect on the quantity and quality of HIV: the known protective intra-partum effect and the potentially beneficial effect on post-natal transmission of nevirapine are hampered by the likely emergence of resistant virus.
To prevent resistance formation, the latest PMTCT guidelines recommend the additional post-natal administration of zidovudine/ lamivudine for 1 week. 52 Although resistance formation was shown to be reduced using this regimen, nevirapine mutations were still detectable in 6 of 68 (9%) mothers by populationbased sequencing, and this percentage was even higher using sensitive allele-specific PCR. 53 -55 According to the long presence of nevirapine concentrations shown in this study, the duration of zidovudine/lamivudine would have to be extended to a considerably longer period than 1 week in order to avoid nevirapine resistance formation. Extension of zidovudine/ lamivudine administration does, however, bear the risk of NRTI-resistant virus selection.
